Abstract
1.
Introduction 40
41
The rising levels of obesity and overweight populations are some of the most serious 42 global public health challenges and are creating a huge healthcare cost burden. For this 43 reason, there is a need for the development of effective microstructural strategies to delay the 44 digestion of energy-dense lipids, suppressing appetite and thereby reducing subsequent 45 calorie intake. Consequently, understanding the fundamental aspects of the digestion of 46 emulsified lipids under conditions that simulate the human gastrointestinal tract is of 47 paramount importance to gain insights into the physicochemical and biochemical processes in 48 the physiological milieu that further bioengineer the initial food structure (Golding, et Aqueous solutions of Nacas (0.5 wt%) were prepared by dispersing Nacas in Milli-Q 125 water and stirring gently for at least 2 h at 20 °C to ensure complete dissolution. Similarly, 126 aqueous solutions of bile extract (BE) (0.1, 0.5 and 1.0 wt%) were prepared by dispersing 127 quantities of BE in Milli-Q water and stirring for 3 h at 45 °C until all the BE had dissolved. 128
The pH was adjusted to 7.0 using 1 M NaOH or 1 M HCl. Initially, pre-emulsions were 129 prepared by blending 20.0 wt% soy oil with 80.0 wt% aqueous Nacas solution or BE solution 130 using a conventional high speed mixer (Silverson L4RT, OFI Testing Equipment, Inc., 131
Houston, TX, USA) at 6500 rev/min for 3 min. These coarse emulsions were then passed 132 twice through a mini two-stage valve homogenizer (12.5H, Rannie, Copenhagen, Denmark) 133 operating at 250 bar and 50 bar in the first and second stages respectively. The Nacas and BE 134 emulsions were prepared at least in duplicate. 135 136 2.3. Droplet size determination 137 138
The mean droplet size distribution was monitored by static laser light scattering using 139 a particle analyser (Mastersizer 2000, Malvern Instruments Ltd, Malvern, Worcestershire, 140 UK). The relative refractive index (N) of the emulsion was taken as 1.095, i.e. the ratio of the 141 refractive index of soy oil (1.456) to that of the aqueous phase (1.33). The absorbance value 142 of the emulsion droplets was taken as 0.001. The sizes of emulsion droplets were reported as 143 the surface-weighted mean diameter d3,2 ( m) and were calculated using the equation d3,2 = 144 The SIF contained 39 mM K2HPO4 and 150 mM NaCl and the pH was maintained at 159 7.5 (Convention, 1995) . For in vitro intestinal digestion with SIF, freshly prepared emulsions 160 were diluted with SIF buffer (without added pancreatin) and water at a ratio of 1:4, which 161 resulted in a final oil concentration of 4 wt%. Post dilution, the final concentrations of BE in 162 the BE-stabilized emulsions (0.1, 0.5 and 1.0 wt%) were 0.2, 1 and 2 mg/mL respectively. 163
The mixture of BE emulsion or Nacas emulsion with SIF was digested by the addition of 164 pancreatin (1.6 mg/mL) in powdered form in the presence of 0.2, 1, 2 or 5 mg/mL of BE 165 during digestion. In some experiments involving the digestion of Nacas emulsions, the 166 aqueous phase bile salts were removed by centrifugation at 48,000 g for 30 min before 167 addition of the pancreatin. During the digestion of the emulsions, small aliquots were 168 withdrawn periodically for analysis. 169 170 2.6. Free fatty acid release 171 172
The free fatty acids (FFAs) generated from emulsified lipids during the digestion of 173 the emulsions in SIF were measured by auto-titration. The emulsion SIF mixture (4 wt% oil) 174 was mixed in a flask in a water bath at 37 °C. The system was then adjusted to pH 7.5 using 175 NaOH or HCl solution, followed by the addition of pancreatin powder (48 mg of powder to 176 30 mL of diluted sample). The intestinal digestion was carried out over 3 h while maintaining 177 the pH at 7.5 by the addition of 0.05 M NaOH, using a pH-stat automatic titration unit 178 Results and discussion 219 220 3.1. Droplet characteristics of Nacas and BE emulsions 221
We first discuss the droplet behaviour of the emulsions in the presence of added aqueous BE 222 without any added pancreatin. This sets the scene for understanding the impact of BE alone 223 As shown in Fig. 2 , the average droplet sizes of emulsions stabilized by BE were 233 smaller than 0.3 m. Even at a low concentration of < 0.1 wt%, BE was able to form finely 234 dispersed emulsion droplets that showed no visible droplet aggregation and coalescence. In 235 fact, on subsequent centrifugation and removal of the continuous phase, the droplet sizes of 236 the cream phase of BE emulsion droplets redispersed in Milli-Q water still remained 237 unchanged (p > 0.05), which further highlights that BE is an efficient emulsifier and is 238 capable of adsorbing rapidly and forming stable emulsions (McClements, 2005) . 239
As expected, the -potential of the Nacas emulsion was negative at neutral pH ( Fig.  240   1) ; interestingly, the negative charge increased slightly from 26 to 30 mV as a function of 241 an increased concentration of aqueous BE. The overall change in -potential on the addition 242 of BE ( = 4 mV) was in line with the results reported by Mun, et al. (2007) . This could be 243 attributed to possible displacement of the original Nacas from the interface by some anionic 244 components within the BE, which is unlikely to bind to the anionic Nacas-coated interface, as 245 reported in the previous studies (Euston, et al., 2013; Sarkar, Horne, et al., 2010a) . However, 246 it is worth noting that, even in the presence of 5 mg/mL of aqueous BE, the surface charge of 247 the Nacas emulsion droplets did not reach the magnitude of that of the BE-stabilized 248 emulsions, with a -potential of > 40 mV (Fig. 2) . This suggested that, despite interfacial 249 displacement of the original Nacas by the added BE, there were possibly some remnants of 250 existing adsorbed Nacas at the oil/water interface, thus resulting in a mixed Nacas BE 251 interface at the droplet surface (Fig. 1) . In contrast, a strong electrostatic repulsion between 252 fully BE-coated droplets could be envisaged, with -potential values greater than 45 mV 253 (Fig. 2) . The -potential values for BE-coated droplets did not change significantly as a 254 function of BE concentration (p > 0.05), which is in line with the droplet size measurements, 255 suggesting that 0.2 mg/mL BE was able to saturate the droplet surface. The -potential of the 256 cream phase of BE-stabilized emulsion droplets that were redispersed in Milli-Q water 257 remained highly negative, which indicated that the unadsorbed BE in the continuous phase 258 did not affect the surface charge significantly (Fig. 2) . 259
It is well known that the surface area of lipid droplets affects the rate and the extent of digestion. This is in agreement with a previous study that showed that lipase can adsorb to 273 oil/water interfaces in the absence and presence of bile salts, but that the rate and the extent of 274 lipid digestion are highly dependent on the presence of bile salts (Gargouri, Julien, Bois, 275
Verger, & Sarda, 1983). All levels of BE enhanced the rate and the degree of lipid digestion, 276 compared with the emulsion without the addition of BE. 277
Linear relationships for FFA release with time were obtained using Equation (1) (Fig.  278   3B ). In the absence of BE, the rate constant for the emulsion stabilized by Nacas was 279 extremely low (0.91 × 10 −3 s 1 ). The rate constant showed a fourfold increase in the emulsion 280 containing 1 mg/mL of aqueous BE. As the concentration of BE increased, the kinetics of 281 FFA release accelerated, gradually initially (0 0.2 mg/mL) and then more dramatically (1 5 282 mg/mL). In particular, the presence of 5 mg/mL of BE, which is in line with the physiological 283 concentration (Wickham, et al., 1998 ), led to a marked increase in the FFA release to 22. continuation of lipid digestion. However, it was not clear whether this increase in the 298 digestion rate was related to the bile salts adsorbed at the droplet surface or to the unadsorbed 299 bile salts. 300
To understand this, the rates of FFA release were studied as a function of digestion 301 time in emulsion systems in which the excess, unadsorbed BE was removed by centrifugation 302 and replaced with Milli-Q water. Fig. 4A shows that both the rate and the extent of lipid 303 digestion decreased dramatically on removal of the continuous phase BE. For instance, max 304 decreased from 22.5 to 10.7 M/mL and t1/2 increased from 43 to 55 min when unadsorbed 305 BE was removed from emulsions to which 5 mg/mL of BE had been added initially. This 306 suggested that the unadsorbed BE made a significant contribution to the degree of total FFA 307 release, which has not been reported previously. Interestingly, these emulsions containing 308
Nacas and BE mixtures as the adsorbed layers (centrifuged and redispersed in MilliQ water 309 samples), were further treated with aqueous BE. The FFA release was increased to ~ 20 310 M/mL within the initial 75 min of hydrolysis on further addition of aqueous BE (5 mg/mL), 311 indicating the importance of the presence of unadsorbed BE (Fig. 4B) . To obtain a 312 quantitative understanding, the difference in the extent of fatty acid release ( max) on 313 removal of BE was calculated by the subtraction of FFA release in the centrifuged emulsions 314 dispersed in MilliQ water (Fig. 4A ) from the FFA release of the emulsions containing the 315 aqueous phase BE at a particular BE concentration (Fig. 3A) . The significant drop in FFA 316 release ( max) upon the removal of unadsorbed BE was markedly linearly correlated with 317 the initial concentration of BE present (Fig. 5) . Quantitatively, the FFA levels dropped by 318 55% in the absence of unabsorbed BE at the highest level of initial BE addition (5 mg/mL of 319 BE). 320
It is worth noting that some proteins, such as -lactoglobulin and bovine serum 321 albumin, undergo a significant increase in proteolytic digestion (both trypsin-mediated and 322 chymotrypsin-mediated digestion) in the presence of bile salts (Gass, Vora, Hofmann, Gray, 323 & Khosla, 2007). It has been suggested that bile acids can accelerate protein digestion, most 324 probably by destabilizing the tertiary structures of dietary proteins, thereby making them 325 more prone to attack by pancreatic endoproteases, such as trypsin and chymotrypsin. In our 326 case, we used pancreatin, which is essentially a mixture of pancreatic lipase, proteases and 327 amylases. As Nacas was used to stabilize the emulsions, it is possible that the unadsorbed BE 328 may have interacted with Nacas and thus resulted in an increase in proteolysis of the 329 interfacial layer. Such a plausible increase in proteolysis and the resulting peptides might 330 simultaneously increase the access of lipase to the hydrophobic lipid core because of easy 331 displacement of the interfacial remnants by bile salts, thus resulting in faster release of FFAs 332 by lipolysis. To investigate further whether or not the contribution of unadsorbed bile salts to 333 lipolysis was linked to a protein-specific mechanism, lipolytic studies with BE-stabilized 334 emulsions were carried out. In this way, the interference of protein was avoided and the roles 335 of adsorbed versus unadsorbed bile salts were revealed. 336 337 3.3. Effect of aqueous BE on FFA release during digestion of BE emulsions 338 339
The lipid digestion kinetics of BE-stabilized emulsions was studied as the release of 340
FFAs in the presence of various concentrations of aqueous BE. Fig. 6 shows the rate and the 341 extent of FFA release when Nacas emulsion (0.5 wt% protein) or a BE emulsion (0.2 mg/mL 342 of BE) was digested with 1.6 mg/mL of pancreatin in the absence of added aqueous BE. 343 Interestingly, both emulsions had similar k (data not shown), max and t1/2 values (p > 0.05) 344 with low levels of FFA release of < 5 M/mL. This suggested that the presence of 0.2 mg/mL 345 of BE at the droplet surface had similar restrictive effects on both the binding of lipase on to 346 the emulsified lipid substrate and the continuing lipolysis to those seen in the Nacas 347 emulsion. Interestingly, BE emulsions that were stabilized by higher concentrations of BE 348 (2 5 mg/mL) had significantly enhanced rates of FFA release (Figs. 7A and 7B) . The k 349 values of the BE emulsions were comparable with those of the Nacas emulsions on the 350 addition of equivalent amounts of aqueous BE extract (p > 0.05) (Fig. 3B) , which highlighted 351 the influence of aqueous BE on lipolysis, irrespective of the emulsifier type. This suggests 352 that the adsorbed bile salts of 0.2 mg/mL of BE at the surface of droplets had a relatively less 353 influence on the degree and kinetics of lipolysis. One might argue that the emulsion was 354 stabilised by the very low concentration of BE (0.2 mg/ml), and thus almost entire quantity of 355 bile salts must have adsorbed on to the oil-water interface, with negligible amounts of 356 aqueous phase BE available, and later appears to be the key driving factor for lipid digestion. used in our study contains phospholipids, which can also adsorb onto surface and stabilise the 371 emulsion. Hence, in order to understand the individual effect of pure bile salt being adsorbed 372 at oil-water surface, lipid digestion of emulsions stabilized by 0.1 wt% sodium deoxycholate 373 (NaDC) was conducted in presence and absence of aqueous BE. The emulsion droplets 374 created with 0.1wt% NaDC were fine, uniformly dispersed (d32 < 0.5 m) and carried high 375 negative charge. These NaDC-stabilized emulsions also showed similar lipid digestion 376 behaviour (Supplementary information, Figure S1 ) with limited FFA release in absence of 377 aqueous BE, followed by enhanced FFA release on addition of 5 mg/mL of aqueous BE, 378 when compared to BE -Stabilized emulsions (Figure 8 ). This further suggests the role of 379 aqueous BE on the degree and rate of lipid digestion. 380
As summarized by Golding & Wooster (2010) , the interfacial process of lipolysis 381 involves essentially three key steps: binding of the bile salt lipase/colipase complex to the 382 oil/water interface, hydrolysis of the emulsified lipid to 2-monoacylglycerols and two FFAs 383 and desorption of these lipolytic products to continue the digestion. Based on the results of 384 this study, we suggest that unadsorbed bile salts contribute more significantly to the first and 385 third steps whereas adsorbed bile salts dominate the second step. Furthermore, it is worth 386 highlighting here that the porcine BE used in this study had a mainly glycodeoxycholic acid 387 followed by taurodeoxycholic acids highlighted in the method section. The presence of a 388 higher proportion of glycodeoxycholic acid than of taurodeoxycholic acid might have 389 promoted solubilization of lipolytic products from the interfacial region into the micellar 390 phase. The contribution to solubilization was more prominent than that to promotion of the 391 bile salt adsorption and the residence time of the colipase/lipase complex by 392 glycodeoxycholic acid; the latter is generally enhanced by the presence of taurodeoxycholic 393 acid residues, as schematically discussed in a previous study (Parker, Rigby, Ridout, 394 Gunning, & Wilde, 2014). Furthermore, at higher bile salt concentrations (5 mg/ mL), the 395 continuous phase would consist of mixed micelles, monomeric bile salt as well as simple 396 micelles of bile salts (Birru, et al., 2014; Wickham, et al., 1998) . These mixed micelles of 397 digested bile salts will have a higher capacity for solubilization of lipids and fat digestion 398 products, which are generally inhibitory to lipolysis progress. 399 400
4.
Conclusions 401
The present study showed that the impact of added BE on the kinetics of in vitro lipid 402 digestion in emulsions was largely dependent on its presence in the unadsorbed phase rather 403 than the adsorbed phase. Clearly, the bile salts adsorbed onto the interface had relatively less 404 influence on lipolysis than the presence of bile salts in the aqueous phase. The rate and the 405 extent of lipolysis appeared to be dominated mainly by the presence of aqueous bile salts. 406
This may be attributed to the solubilization and removal of inhibitory digestion products (e.g. 407
FFAs, mono-and/or di-acylglycerols), which may have been accumulated at the interface by 408 the aqueous bile salts. Future work is needed to characterize the hydrolysis products (long 409 chain FFA) generated in the bile-salt stabilized emulsions during digestion by pancreatic 410 lipase in presence and absence of aqueous phase bile extracts using chromatographic 411 techniques. Also, it would be interesting to provide structural information about the mixed 412 micelle formed in the aqueous phase using small angle X-ray scattering. 
